Abstract Endometrial cancer is the most common gynecologic malignancy in industrialized countries, and both its incidence and its associated mortality are increasing. The "liquid biopsy" is becoming an important transformative precision oncology tool, but barriers intrinsic to blood sampling have limited its use in early cancer detection. We hypothesized that using a more targeted sample for analysis-namely, a uterine lavage-should provide a more sensitive and specific diagnostic test for endometrial cancer. Using a custom 12-gene endometrial cancer panel, molecular analysis of uterine lavage fluid from an asymptomatic 67-yr-old female without histopathologic evidence of premalignant lesions or cancer in her uterine tissue revealed two oncogenic PTEN mutations. Ten months later, the patient returned with postmenopausal bleeding and a single microscopic focus of endometrial cancer. DNA isolated and sequenced from laser-capture microdissected tumor tissue revealed the same two PTEN mutations. These mutations were unlikely to occur by chance alone (P < 3 × 10 −7 ). This illustrative case provides the first demonstration that future, tumor-specific mutations can be identified in an asymptomatic individual without clinical or pathologic evidence of cancer by using already established sequencing technologies but targeted sampling methods. This finding provides the basis for new opportunities in early cancer screening, detection, and prevention.
INTRODUCTION
The "liquid biopsy" is becoming an increasingly important tool in precision oncology's goal of transforming cancer care, quickly moving from the research setting into the clinic (Wan et al. 2017) . Overwhelmingly, however, the power of this technology has been focused on issues related to advanced disease in already diagnosed patients under active treatment. For example, and following initial treatment, liquid biopsies are used to detect the presence of minimal residual disease, predict disease recurrence, assess the emergence of drug resistance, and provide guidance for tailored salvage treatment (Garcia-Murillas et al. 2015; Pereira et al. 2015; Tie et al. 2016; Mok et al. 2017) . By marked contrast, advances in early cancer detection remain both limited and limited in degrees of success (Phallen et al. 2017) . One of the key constraints cited is the implicit rarity of finding circulating tumor DNA (ctDNA) molecules and circulating tumor cells (CTCs) when a tumor is small and still in an early stage (Thierry et al. 2010; Bettegowda et al. 2014) . Beyond this, identifying ctDNA or CTCs by liquid biopsy provides no definitive information on tumor type or origin.
Although analytic techniques for early detection will require improvements for overcoming these intrinsic barriers to blood sampling, a parallel possibility exists for developing alternative sampling strategies (Wan et al. 2017 ). We and others have recently explored the use of a uterine lavage to detect endometrial and ovarian cancers (Maritschnegg et al. 2015; Nair et al. 2016) . Indeed, sequencing cellular and cell-free DNA (cfDNA) isolated from uterine lavage fluid in a prospective study allowed detection of 100% of all endometrial cancers, including even microscopic stage IA cancers (Nair et al. 2016) . The ability to detect microscopic-sized cancers by this targeted sampling approach immediately suggested the potential for early cancer detection and a broader-based approach toward endometrial cancer screening and prevention.
Endometrial cancer is the most common gynecologic malignancy in industrialized countries, and both its incidence, most likely linked to the rise in obesity, and associated mortality are increasing (Morice et al. 2016) . The genomic landscape of primary endometrial cancers and their metastases have been detailed (The Cancer Genome Atlas Research Network et al. 2013; Gibson et al. 2016 ) and morphologically defined premalignant tissue lesions, each with different attributable risks of progression to carcinoma, have been defined (Bandyopadhyay and Ali-Fehmi 2017) . Despite these well-recognized genetic and pathological associations, there are no screening tests.
Here, we present proof of principle for early endometrial cancer detection using a targeted liquid biopsy technique. This illustrative case provides the first demonstration that future, tumor-specific mutations can be identified in an asymptomatic individual without clinical or pathologic evidence of cancer. In this individual, mutations were identified nearly 1 yr before symptoms developed, and a single, microscopic focus of cancer was eventually diagnosed.
RESULTS
We report the case of an asymptomatic 67-yr-old female with a BMI of >34 who had initially been referred to gynecologic oncology for follow-up evaluation of an abnormal endometrial stripe detected as an incidental finding during a pelvic sonography for kidney stone evaluation. Family history was negative for any evidence of breast, pancreatic, ovarian, or endometrial cancers. On examination, the patient was found to have a stenotic cervix that prevented an in-office endometrial biopsy. She therefore underwent hysteroscopy and dilation and curettage in the operating room under anesthesia. The patient was enrolled in our study to sequence cellular DNA and cfDNA isolated from uterine lavage fluid collected during hysteroscopy as a potential cancer diagnostic (Nair et al. 2016) . Ten milliliters of saline fluid hysteroscopy lavage was collected for molecular analysis and DNA was sequenced at ultra-high coverage (>7000×) using a 12-gene, custom endometrial cancer typing panel, as previously described (Nair et al. 2016) .
Intraoperative findings revealed no gross evidence of malignancy in the uterine cavity that was scraped aggressively. Histopathologic analysis revealed benign endometrium with no evidence of hyperplasia or cancer. In contrast, molecular analysis of the lavage cell pellet identified a total of five driver mutations in four genes. The gene mutations and their allele frequencies (AFs) and sequencing coverage were PTEN R130G (1.3%/107 reads) and S338fs (1.1%/349 reads); PIK3CA N345I (4.9%/379 reads); FBXW7 R505C (5.0%/467 reads); and FGFR2 S252W (5.1%/355 reads).
Comparison of these mutations against The Cancer Genome Atlas (TCGA) endometrial cancer data set, using the cBioPortal tool (Gao et al. 2013) , revealed each mutation to be previously associated with this cancer. Strikingly, the PTEN R130 site is mutated in nearly 48% of all tumors. In order, the comparative frequencies of the other uterine lavagedetected mutations in the TCGA data set were FGFR2 S252W, 7.4%; FBXW7 R505C, 5.0%; PIK3CA-N345I, 4.1%, and PTEN S338fs, 0.8%.
Ten months later, the patient returned with a chief complaint of postmenopausal bleeding. In-office biopsy revealed complex hyperplasia with atypia, a known preneoplastic tissue lesion, suspicious for low-grade endometrioid adenocarcinoma. The patient was brought to the OR for total laparoscopic hysterectomy, bilateral salpingo-oophorectomy, bilateral pelvic sentinel lymph node mapping, and resection. Pathology revealed a single microscopic focus of endometrioid endometrial adenocarcinoma without any evidence of myometrial invasion (Fig. 1A) .
Laser-capture microdissection (LCM) was used to isolate tumor tissue for molecular analysis. DNA was extracted and sequenced. The two oncogenic somatic PTEN mutations, R130G and Ser338fs, first identified 10 mo earlier in the uterine lavage cell pellet, were present in the tumor at AFs now >10%. We then calculated the probability that the shared PTEN mutations could occur by chance alone. To estimate this likelihood, we made the assumption that all positions interrogated by our 12-gene sequencing panel could be mutated with equal probability. Under this assumption, it is highly unlikely that the two identical PTEN mutations identified in two samples-preclinical lavage and LCM-would occur by chance alone (P < 3 × 10
). 
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DISCUSSION
Using an integrated liquid biopsy-based and cancer-targeted sampling approach, we have established a benchmark for earliest endometrial cancer detection. Previous studies by others had demonstrated that occult cancers can be detected through blood-based sampling. These studies included incidental detection of various cancers in women following unexplained chromosomal aneuploidies identified during noninvasive prenatal testing (Amant et al. 2015; Bianchi et al. 2015; Dharajiya et al. 2018 ) and nasopharyngeal cancer through the targeted tracking of Epstein-Barr virus (EBV) DNA in an endemic but asymptomatic population (Chan et al. 2017) . Meanwhile, nearly 25 years ago, a retrospective study of cytology samples from lung cancer patients revealed that cancer cells can be present in the sputum prior to detection by chest X-ray diagnosis (Mao et al. 1994) . Taken together, we believe all these results establish both proof of principle for cancer screening by liquid biopsy and the paradigm for collection and analysis of relevantly targeted samples beyond blood. For more than 70 years, it has been appreciated that endometrial and ovarian cancers and their precursors exfoliate cells into the uterine cavity (Traut and Papanicolaou 1943) , and for almost as long, attempts have focused on obtaining these cancerous/precancerous cells for diagnostic purposes (McGowan et al. 1974) . Nonetheless, screening for these cancers is an unmet clinical need. In our studies, we coupled the advances in next-generation sequencing (NGS) technologies and bioinformatics to an almost abandoned technique first introduced 60 years ago, concurrent with the Papanicolaou (Pap) test for detecting cervical cancer, the uterine lavage (Morton et al. 1957 ). In the future, the uterine lavage and molecular analysis could be performed in-office. It would avoid the time and costs associated with uterine sonography and the costs, pain/discomfort, risks, time, and need for anesthesia associated with an in-operating room hysteroscopy. Beyond this, a simpler, more sensitive, and cost-effective in office procedure for screening for these cancers in all women including those at increased risk because of age, BMI, or inherited predisposition could have major effects on mortality and morbidity and could also remove barriers that have kept minorities and women of lower socioeconomic status from receiving equal care and the opportunity for improved outcomes (Collins et al. 2014) .
Although the potential paradigm shift for early cancer detection is obvious, the clinical dilemma introduced on molecular diagnosis of a precancer is also illustrated by this case. The driver mutations identified in the patient's uterine lavage were known to be bona fide signatures of endometrial cancer as revealed by comparison with TCGA data set. The presence of these mutations in cells isolated from the lavage would be expected to impart not only a possible proliferative advantage but also some degree of cancer risk notwithstanding the fact that the patient was asymptomatic and without evidence of premalignant changes on biopsy. However, no estimate of the likelihood or timing of future cancer onset could be made. Specifically, two independent studies have now demonstrated a high prevalence of cancer driver mutations in endometrial cells from women in the absence of endometrial cancer or morphologically recognized premalignant lesions (Nair et al. 2016; Anglesio et al. 2017) . PTEN mutations have long been recognized as being relatively common findings in histologically normal premenopausal endometrium isolated during the proliferative phase of the menstrual cycle (e.g., see Mutter et al. 2001 Mutter et al. , 2014 . In addition, an ever-increasing list of studies have demonstrated an accumulation of age-related, genetic driver mutations in blood and tissues in individuals with benign conditions and no evidence of cancer (Kato et al. 2016; Wan et al. 2017) . Taken together, these findings suggest that what we have defined as cancer "driver mutations" may in actuality be necessary but not sufficient for cancer development (Brock and Huang 2017) .
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Given that the two PTEN mutations identified in the patient's lavage were tumor-specific (i.e., present in the original tumor), we therefore interrogated our original study of 102 women to identify other women who also possessed these specific PTEN mutations in their uterine lavage (Nair et al. 2016) . A total of five other cases with PTEN mutations at the R130 site were identified (patients 2-6; see Tables 1 and 2 ). These five patients, in order, were previously noted as PT468, PT395, PT476, PT459, and PT513). A histogram of the number and classifications of all mutations, including the PTEN R130 mutation, identified in the lavages from all the patients is shown in Figure 1B .
The eldest of the cases (patient 2) was a 67-yr-old female with a BMI > 38 who was originally evaluated for postmenopausal bleeding and thickened endometrium with endometrial nodules detected on sonography. A stage IA mixed histology cancer, one component being high-grade serous adenocarcinoma and the other being grade 3 endometrioid adenocarcinoma, was identified at the time of hysteroscopy and surgery. Ten driver gene mutations in five genes (ARID1A, RB1, PIK3R1, PIK3CA, and PTEN) were detected in her lavage fluid, including a PTEN R130Q mutation in both the cell pellet (AF 22%) and cfDNA (AF 39%) (Nair et al. 2016) . Tumor DNA was isolated, and the PTEN R130Q mutation was orthogonally confirmed by Sanger sequencing (AF 32%).
The four other cases (patients 3-6) were all younger than the two with endometrial cancer by >20 yr (age range: 37-51) and as a group had a lower average BMI (average: 25; range: 19-34). Three of the women were originally evaluated for abnormal uterine bleeding and the fourth for dysmenorrhea. Two of the women also had endometriosis. PTEN uterine lavage mutation status is shown in Tables 1 and 2 . At the time of their surgical exploration, none of these women had morphologic evidence of precancer lesions or cancer. Unlike patients 1 and 2 who developed cancer, none of these four women have demonstrated evidence of cancer symptoms during the >2 yr follow-up since their original hysteroscopy procedure and lavage.
At the very outset of the patient care spectrum, precision oncology offers the holy grailearly cancer detection with the possibility of prevention. Our case report highlights the fact that although the opportunity exists, there remains an unexpected but surmountable bottleneck in immediately translating these findings to patients. As recently highlighted by a blue ribbon panel convened to guide the NCI's future U.S. cancer research priorities, "[t]he rate-limiting step in developing and implementing precision-based prevention approaches has been our limited understanding of precancer biology, which stands in contrast with the extensive knowledge of advanced disease" (Jaffee et al. 2017) . We have no guidance in understanding the order in which and at what point, if ever, somatic mutations identified prior to the development of morphologically defined preneoplastic lesions result in cancer.
This knowledge gap has engendered a call for a concerted effort to create a Pre-Cancer Genome Atlas (PCGA) (Jaffee et al. 2017; Spira et al. 2017) . Moving beyond the previously successful goal of TCGA in cataloging the genomic landscape of advanced disease, the future goal would be to integrate the multiomics landscape and order the sequence of events and immunologic features that result in cancer. By way of a marathon analogy, interviewing only the elite runners as they cross the finish line (TCGA) reveals nothing about the larger total field of runners, those who dropped out and why, and whether we can reasonably predict if the remaining runners will complete or abandon the course (PCGA).
In conclusion, the sequencing technology and targeted sample collection methods are now available to facilitate detection of microscopic-sized tumors and even cells containing tumor-specific mutations before morphologically recognized tissue changes are diagnosed. In general, early detection would have marked benefits on patient survival, quality of life, and health-care costs. We now need to establish the road map detailing the steps leading from precancer to malignancy, and the converse, preventing precancer from developing into 
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METHODS
Patient Enrollment
All samples used in this study were collected in accordance with the Institutional Review Board of the Icahn School of Medicine at Mount Sinai (GCO# 10-1166) at the time of the original diagnostic procedure as we have previously described, and all patients provided written consent (Nair et al. 2016) . All experimental protocols were approved by the Icahn School of Medicine at Mount Sinai in accordance with our research protocol (GCO# 10-1166). All clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki. Written informed consent was obtained from each patient.
Uterine Lavage and DNA Isolation Uterine lavage specimens were collected in the operating room at the time of a patient's hysteroscopy, as we have previously described (Nair et al. 2016) . Immediately upon entering the uterine cavity with the hysteroscope, the initial 20-30 ml of saline fluid, used to dilate the uterus, was then collected using a 40-ml specimen trap device (Medline Mucus Specimen Trap 40cc, No. DYND44140, Venture Respiratory Inc) attached to suction. Following the lavage collection, the patient underwent the remainder of their procedure as per their surgeon's discretion while the lavage samples in the specimen trap device were placed on ice and taken to the laboratory and processed within 1 h of collection. In the laboratory, the lavage specimens were transferred to 50-ml centrifuge tubes and centrifuged. The acellular supernatant was separated from the cell pellet using a pipette and recentrifuged to remove any remaining cellular material and debris. This fraction was then collected and stored at −80°C until final DNA extraction. The cell pellet was washed with red blood cell lysis solution (5 Prime, No. 2301310), resuspending by gentle pipetting, incubating at room temperature, and then centrifuging in a tabletop centrifuge. The RBC lysis supernatant was then discarded, leaving behind the cell pellet. This was repeated until the cell pellet was cleared of visible red cell contamination. The cell pellet was stored at −80°C until DNA isolation was performed.
cfDNA was first concentrated from the acellular portion using a centrifugal filter (Amicon Ultra-15 30 kiloDalton Filter Units, EMD Millipore, No. UFC903096) into smaller volumes. The concentrated cfDNA was then extracted (Circulating Nucleic Acid Kit, QIAGEN). Cellular DNA was extracted from the cell pellets (ArchivePure DNA Kit, 5 Prime) using a modified protocol to account for low cell density. Germline DNA was isolated from peripheral blood samples collected from each patient at the time of their hysteroscopy (ArchivePure DNA Kit, 5 Prime). DNA concentrations of all fractions were determined by QuBit fluorometry (Thermo-Fischer Scientific). 
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For LCM, paraffin-embedded tumor samples were cut into two 10 µm thickness sections and subjected to microdissection (PixCell IIe Laser Capture Microdissection System microscope, Arcturus). Genomic DNA was extracted from the isolated caps by following the protocol in the Applied Biosystems PicoPure DNA Extraction Kit.
Library Preparation and Next-Generation Sequencing As we have previously described these methods in great detail (Nair et al. 2016) , we describe them briefly herein. For all the patients described in the study, a set of sample trios from germline PBMC DNA and lavage cellular and acellular were sequenced to an average of 5000× coverage using a targeted amplicon panel (Swift Biosciences). Samples were either sequenced using the Accel-Amplicon 56G Oncology Panel (Swift Biosciences) or a specifically designed smaller custom endometrial tumor amplicon panel. The 12 genes in this smaller panel were PTEN, PIK3CA, TP53, CTNNB1, KRAS, FGFR2, FBXW7, RB1, ATM, APC, ARID1A, and PIK3R1. The genomic target regions were designed to cover both hotspot loci and contiguous full-coding exons, including the full exonic coverage of TP53 (see Supplemental Table 1 in Nair et al. 2016 for a complete listing of all genomic loci covered).
Resulting targeted NGS libraries were sequenced on an Illumina MiSeq using v2 chemistry. Somatic variant calling was performed using MuTect, VarScan, and LoFreq after following GATK Best Practices. A target of 5000× coverage and 10-ng inputs enabled the lower limit of detection to be set to the 1% fraction.
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